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segregation in InGaN nanowires

by X-ray nanoprobe
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Using synchrotron radiation nanoprobe, this work reports on
the elemental distribution in single In,Ga; ;N nanowires
(NWs) grown by molecular beam epitaxy directly on Si(111)
substrates. Single NWs dispersed on Al covered sapphire
were characterized by nano-X-ray fluorescence, Raman scat-
tering and photoluminescence spectroscopy. Both Ga and In
maps reveal an inhomogeneous axial distribution inside sin-

1 Introduction In,Ga, ,N alloy offers the possibility
to tune its direct bandgap from 0.67 €V to 3.42 eV [1] pro-
viding a perfect match to the solar spectrum, which could

be exploited in high-efficiency multijunction solar cells [2].

Photovoltaic efficiency could be improved further in one-
dimensional core-shell NWs thanks to the orthogonaliza-
tion of light absorption and radial collection of photogen-
erated carriers [3, 4]. The NW morphology also favors lat-
eral elastic relaxation, alowing a larger lattice mismatch
than in layers. Indeed, NWs of In,Ga; \N aloys have been
reported with the full compositional range [5]. However,
despite the potential applications, there are only a few re-
ports on the characterization of single In,Ga, N NWs [6]
and many open questions. They refer, e.g., to the variations
of indium concentration: Are such phenomena connected
with phase segregation effects in the ternary aloy or com-
positional gradients within the nanowires? How do they af-
fect the optical properties and vibrational order? In this
work, these issues are addressed on single In,Ga; N NWs
grown by molecular beam epitaxy (MBE) using hard X-ray

gle NWs. The analysis of NWs from the same sample but
with different dimensions suggests a decrease of In segrega-
tion with the reduction of NW diameter, while Ga distribution
seems to remain unaltered. Photoluminescence and Raman
scattering measurements carried out on ensembles of NWs
exhibit relevant signatures of the compositional disorder.
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nanoprobe, Raman scattering (RS) and photoluminescence
(PL) characterization techniques.

2 Experimental details In,Ga, N NWs were grown
by MBE directly on (111)Si substrates. The ex situ prepa-
ration of the substrate is described elsewhere [7]. The
sample was grown at a substrate temperature of 480 °C
under nitrogen rich condition (nitrogen flux was 1.5 sccm),
with a Ga/(Ga + In) flux ratio of 0.27 and a growth time of
200 minutes. Micro-RS and PL measurements were carried
out on ensembles of NWs. RS spectra were collected at
room temperature with a 514.5nm laser line and using
the back-scattering configuration. PL acquisitions were
performed at 7 K with a 488 nm laser line. To enable the
analysis of single nanostructures, the NWs were mechani-
cally dispersed on Al covered sapphire with a 50 x 50 um?
gold grid. This grid simplifies the localization of single
NWs previously observed by scanning electron micros-
copy (SEM). Dispersed NWs were taken from a region of
about 1 x 1 mm? in order to avoid the effects of slight dif-
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ferent growth conditions. The X-ray fluorescence (XRF)
measurements were collected at the nanoimaging station
ID22NI of the European Synchrotron Radiation Facility.
The X-ray beam was focused by a pair of KB multilayer
mirrors providing a spot of 85 x 85 nm? size with a flux of
10" ph/s at 17 keV (AE/E ~ 107) [8]. The XRF signa was
detected at 15° related to the sample surface using an en-
ergy disperse silicon drift detector. The XRF spectra were
analyzed using the non-linear least-squares fitting code
PyMcal9].

3 Results Figure 1 shows the top and side view SEM
images of the ensemble of NWs studied in the present
work. The NWs are aligned along the c-axis of the wurtzite
structure and tilted with respect to the [111] normal to the
Si substrate. This tilt has been attributed to the presence of
a SiyN, amorphous layer at the Si/InGaN interface
[6]. The ensemble has an average NW density of about
7x10°cm™®, with average lengths and diameters of
700 nm and 85 nm, respectively.

Room temperature RS and 7 K PL spectra from an en-

semble of NWs are shown in Fig. 2(a) and (b), respectively.

The Raman spectrum displays a broad peak with its maxi-
mum around 680 cm™ assigned to the A;(LO) mode of
wurtzite In,Ga; \N. According to the linear dependence
of this vibrational mode on the Ga concentration: A;(LO) =
XA1(LO)jw + (1 —X) A(LO)can [10], such frequency cor-
responds to an In content of x=0.35. The other allowed
mode in this configuration, ED, is not observed and could
be hidden by the strong peak located at 520 cm™ coming
from the Si substrate. The 7K PL was acquired in an
energy range from 0.56 eV to 3.44 eV. However, the emis-
sion from the NW ensemble is observed only at 735 meV
within the infrared range (Fig. 2(b)). Assuming a band-to-
band transition, this energy corresponds to an In content
of x=0.95, estimated from the bandgap variation of the
ternary aloy: Eg°™ =xEy™ + (1-%) Eg™ + x (1 -X) Ep,
where E, = 1.43 €V is the reported bowing parameter [11].
The resulting disagreement between RS and PL estimati-
onsis a clear signature of an extended In (Ga) inhomoge-
neity within the NWs. It indicates variations among differ-
ent NWs in the ensemble and/or individual changes of
compositional inhomogeneity inside single NWs. Such is
sue can be directly addressed by hard X-ray nanoprobe,

Figure 1 Top view (left) and side view (right) SEM images of
the NWs ensemble.
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Figure 2 @) Room temperature micro-RS and b) low temperature
PL spectrafrom the NWs ensemble.

combining high spatial resolution XRF mapping with deep
escape depths and high incident photon flux.

Figure 3(a) shows the SEM micrograph of a single
In,Ga;,xN NW. Its diameter and length are 92 nm and
585 nm, respectively. Figure 3(b) displays the XRF spectra
measured on different regions (1 and 2, indicated in the
SEM image) and plotted on logarithmic scale. The XRF
peaks of Au, Gaand In are identified from their respective
characteristic energy lines. The XRF spectra were normal-
ized to the intensity of the Ar peaks from the air. The Au
signal comes from a fraction of this element remaining on
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Figure 3 (online colour at: www.pss-rapid.com) (a8) SEM image
of asingle In,Ga; N NW. (b) Normalized X RF spectra measured
on regions 1 and 2 of the single NW shown in (a). The intensity
has been increased by a factor 2 in the low energy side of the
spectra for clarity. (c) InL, and (d) GaK,, fluorescence intensity
maps of the same NW. The colour scale indicates the XRF inten-
sity in photon counts.
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Figure 4 (online colour at: www.pss-rapid.com) (a) SEM image
of a second thinner and longer NW. (b) In L, and (c) GaK,, fluo-
rescence intensity maps of this second single In,Ga;_,N NW. The
colour scale indicates the XRF intensity in photon counts.

the substrate after the photolithography process. A higher
(lower) relative intensity of Ga (In) peaksin region 1 com-
pared to region 2 is observed. This result points toward a
nonuniform elemental distribution inside the single NW.
Setting regions of interests around the InL, and GakK,
fluorescence lines, Fig. 3(c) and (d) display the respective
intensity maps for the same NW taken with a 35 nm step
size and an integration time of 1.5 s/point. Both spatial
distributions exhibit In-rich and Ga-rich regions along the
single NW, presenting flat ends without striking imperfec-
tions like nanometric steps, segment kinks or shell-like
morphology. Within our experimental accuracy and length
scale of the beam size, the axial change from In-rich to
In-poor region is not accompanied by a significant change
in diameter and/or image contrast. In the XRF map of a
single NW with the characteristic baseball shape (not
shown), the In accumulates at the tip of the NW, as repor-
ted for other In,Ga,,N NWs [6], while Ga does at the bot-
tom. Although the In segregation is often reported in
In,Ga; 4N [12], our results show that this tendency is not
exclusive of In atoms, but also of Ga species in these NWs
grown by MBE.

Figure 4 shows the SEM image (@), and the InL,, (b)
and GaK, (c) fluorescence intensity maps of a second
longer and thinner NW belonging to the same ensemble.
The diameter and the length of this NW are 76 nm and
760 nm, respectively. The XRF map was taken with a
40 nm step size and an integration time of 1.5 §/point. This
NW shows Ga atoms concentrating mainly in one side of
the NW. Indium concentration, on the other hand, seems to
be more homogeneous along the NW than in the case of
the thicker NW of Fig. 3. This behaviour suggests that a
smaller diameter could reduce the In segregation in the
NWs, implying a more uniform one-dimensional growth
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directed along the c-axis. From Fig. 4 is evident that In and
Ga maps are not complementary as expected for a stoichio-
metric alloy. This behaviour suggests the existence of me-
talic clusters, more likely In clusters, as reported very
often for InGaN layers [13]. A statistically significant
number of individual NWs were characterized by X-ray
nanoprobe to support the relevance of our results, showing
similar findings.

In conclusion, the use of hard X-ray nanoprobe has
alowed us to detect directly compositional segregations
along the axial direction of single nanowires. The spatia
distributions of both In and Ga elements have shown in-
homogeneous incorporation preferentially at the NW ends.
Our observations have indicated that smaller diameters re-
duce In segregation while Ga remains unaltered. All these
findings explain the different Ga contents deduced from
PL and RS results. In contrast to energy-dispersive X-ray
studies, these results from hard X-ray nanoprobe applied to
single NWs open also the possibility to study the local
structure in such nanostructures.
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